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a b s t r a c t
We report the results of combined U-Pb and Lu-Hf isotope analyses of detrital and metamorphic zircon
grains from a variety of metavolcano-sedimentary rocks of the Dwalile Supracrustal Suite (DSS) from the
ca. 3.66 to 3.20 Ga Ancient Gneiss Complex (AGC) in Swaziland. The results indicate that the DSS is made
up by Palaeo- and Mesoarchaean rocks which have been affected by a polymetamorphic overprint and
became tectonically assembled during the Neoarchaean. The oldest Dwalile rocks were formed during
a phase of felsic to intermediate volcanism at ca. 3.46 Ga, and are derived from the same magma source
as the Tsawela Gneisses. Based on the combined U-Pb-Hf isotope data, two groups of metasedimentary
rocks can be distinguished: an older Dwalile Group I that is similar in age to the Hooggenoeg and
Kromberg Formations (3.46–3.40 Ga), but with a different source area. A younger Dwalile Group II is coeval with the Fig Tree and possibly Moodies Groups (<3.23 Ga) and the data suggest there was a similar
provenance.
The U-Pb-Hf isotope data and petrological observations demonstrate that the DSS was affected by three
stages of metamorphic overprint: an event at 3.23 Ga, pervasive amphibolite-facies metamorphism at
3.15 Ga, and low-P granulite-facies metamorphism at 2.99 Ga. Metamorphic zircon in the amphibolitefacies rocks resulted from new growth in aqueous fluids at 3.15 Ga, whereas in the granulite-facies rocks
new zircon was formed in the presence of melt. The 3.23 Ga event coincides with the last significant
metamorphic overprint documented in the Barberton Greenstone Belt (BGB), whereas as two younger
events are restricted to the AGC.
The data support the model suggesting amalgamation between the AGC and BGB terranes at ca.
3.23 Ga. In addition, they require crustal thickening in the AGC terrane at ca. 3.15 Ga, causing
Barrovian-type metamorphism in the DSS and granulite-facies metamorphism in the Luboya-Kubuta
Terrane. Low-P granulite-facies metamorphism at ca. 2.99 Ga is most likely related to crustal extension
during the onset of Pongola Basin rifting, causing mantle upwelling, mafic magmatism, and heat transfer
from the mantle into the thinned crust.
Ó 2017 Elsevier B.V. All rights reserved.

1. Introduction
The Ancient Gneiss Complex Terrain (AGCT) of Swaziland and
the adjacent Barberton Granite Greenstone Terrain (BGGT) in South
Africa and Swaziland represent the oldest preserved nucleus of the
Kaapvaal Craton (Fig. 1). In combination, these areas continue to be
the subject of considerable attention because of the unique insight
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they provide into the formation and early evolution of the continental crust (e.g., Schoene et al., 2008; Zeh et al., 2009, 2011; Schoene
and Bowring, 2010; Lana et al., 2011; Taylor et al., 2012, 2016;
Kröner et al., 2014). Many have proposed the closure of an ocean
basin along one or more subduction zones aligned approximately
parallel to the strike of the Barberton Greenstone Belt (BGB) to
account for accretion of the AGCT with the BGGT to form the
nucleus of the Kaapvaal Craton between 3.24 and 3.22 Ga (e.g., de
Wit et al., 1987; Moyen et al., 2007; Schoene and Bowring, 2010;
Taylor et al., 2012; Furnes et al., 2013; Cutts et al., 2013). Other
studies propose a volcanic plateau related model (e.g., van
Kranendonk, 2011; van Kranendonk et al., 2014a,b), suggesting that
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Fig. 1. Simplified geological map of the eastern Kaapvaal Craton (modified after Schoene and Bowring, 2010).

the BGB represents the structural remnant of a thick pile of greenstones that were erupted onto older continental lithosphere (e.g.
Ancient Gneiss Complex). Several studies have focused on the zircon and monazite record within the grey gneisses and diverse
supracrustal rocks of the AGCT in order to better understand the
geodynamic processes and the crustal evolution of the AGCT. The
oldest grey gneisses of the AGCT were formed by reworking of Early
Archaean or perhaps Late Hadaean crust at 3.66 Ga (and 3.44 Ga;
Kröner et al., 2014), and new crust was extracted from a depleted
mantle source during Palaeoarchaean events between 3.54 and
3.32 Ga (Zeh et al., 2011).
The most relevant studies to date for the supracrustal rocks of
the AGCT have been directed at the granulite-facies metapelites
and metagreywackes of the Luboya-Kubuta area of central Swaziland (Taylor et al., 2012, 2016; Suhr et al., 2015). The detrital zircon
record within these sediments provides witness to two different
depositional events prior to 3.43 Ga and 3.16 Ga, respectively.
The older metasediments were derived from crust produced by
partial melting of a depleted mantle source at ca. 3.53 Ga, with
an additional component derived from reworking of an even more
ancient crust (TDM = 3.8–3.6 Ga). In contrast, the Mesoarchaean
metasediments record juvenile crust formation at 3.32 Ga, with
reworking until 3.22 Ga (Taylor et al., 2016). The detrital zircon
records within the Luboya-Kubuta metasediments do not correlate
well with those of sediments of similar age, e.g., the Fig Tree or the
Moodies sediments, within the BGGT. However, only limited Lu-Hf

isotope data of detrital zircon grains from the Fig Tree and Moodies
sediments are available. The source for two Fig Tree and Moodies
samples from the Eureka Syncline most likely consisted of a basement area that was produced by partial melting of a depleted mantle source at 3.53, 3.47, and perhaps at 3.36 Ga, plus partially
reworked material with a depleted mantle age range up to
3.95 Ga (Zeh et al., 2013).
The AGCT also contains a series of relatively small bodies of
greenstone rocks that are comparatively less well studied. These
are represented by scattered remnants of mafic to ultramafic
metavolcanic rocks associated with BIF and clastic metasedimentary rocks, infolded with granitoid gneisses, which are collectively
referred to as the Dwalile Supracrustal Suite (DSS, Wilson, 1982;
Jackson, 1984). The largest of these is the Dwalile greenstone remnant, exposed in northwest Swaziland near the border with South
Africa (Figs. 1 and 2). The (age) relationship between the AGCT and
the BGGT has been the subject of debate and is, as yet, unresolved.
It is known that some of the gneisses of the Ancient Gneiss Complex (AGC) are older than those of the BGGT, both in terms of UPb and Hf model ages (e.g., Kröner and Tegtmeyer, 1994; Zeh
et al., 2009, 2011, 2013; Schoene and Bowring, 2010), but the correlation of the greenstone rocks both before and after the proposed
accretion of the two terranes remains unclear. The DSS is not particularly well exposed and consequently, this potentially very
important and complex area has received little attention. The
minor amount of U-Pb data obtained from detrital zircons and
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Fig. 2. Simplified geological map of the DSS greenstone remnant and sample locations (modified after Wilson, 1979; Jackson, 1984).

exposed granitoid rocks from previous studies shows a spread of
ages between 3.57 and 3.42 Ga (Kröner and Tegtmeyer, 1994).
Amphibolite-facies metamorphism has been described, but the
timing of metamorphism has not been well constrained at
3.22 ± 0.22 Ga (Tegtmeyer, 1989; Kröner and Tegtmeyer, 1994),
even though many studies assume a synchronous metamorphic
evolution for the AGCT and the BGGT at ca. 3.32–3.20 Ga
(Schoene et al., 2008, 2009; Schoene and Bowring, 2010; Lana
et al., 2011; Zeh et al., 2011; Taylor et al., 2012). Thus, in order
to place new constraints on the timing of protolith formation and
the metamorphic history of the AGCT we present in this study
new sets of combined U-Pb and Lu-Hf isotope analyses of a large
number of complexly zoned zircon grains from metasedimentary
rocks of the Dwalile greenstone remnant. By applying this combined method, it is possible to distinguish primary magmatic
(detrital) zircon domains from metamorphic domains, even if parts
of individual zircon grains or even the entire zircon population was
affected by multiple alteration processes (Zeh et al., 2010a). The
zircon data will (1) place new constraints on the depositional ages
of the different volcano-sedimentary units; (2) provide new
insights into the provenance of the sediments; (3) gain more
detailed knowledge on the timing of metamorphic events and (4)
about the geodynamics processes that affected the AGCT during
the Archaean. In combination with the data from previous studies,
these results will also provide new information about the

processes that caused the amalgamation, stabilisation and reworking of the south-eastern Kaapvaal Craton during Palaeo- to Mesoarchaean times.
2. Regional geology
The Ancient Gneiss Complex (AGC) in Swaziland consists of a
variety of Archaean tonalitic, trondhjemitic and granodioritic
(TTG) gneisses, emplaced between 3.64 and 3.20 Ga ago, and
infolded greenstone remnants of the Dwalile Supracrustal Suite
(DSS; Hunter et al., 1978; Wilson, 1982). The formation of the
AGC can be subdivided into four main phases based on field relationships, lithology and geochronological ages:
(1) The Ngwane Gneiss of Wilson (1982), equivalent to the socalled Bimodal Suite of Hunter (1970), consist of tonalitic,
trondhjemitic and granodioritic (TTG) gneisses and interlayered amphibolites that were formed and overprinted
between ca. 3.64 and 3.20 Ga. The oldest rocks of the
Ngwane Gneiss are tonalitic–trondhjemitic gneisses from
the Pigg’s Peak Inlier (Fig. 1), with a magmatic emplacement
age of 3.64 Ga (Compston and Kroner, 1988; Schoene et al.,
2008), and Hf model ages up to 4.08 Ga (Zeh et al., 2011).
Other occurrences mapped as the Ngwane Gneiss gave ages
between 3.55 and 3.20 Ga (Kröner, 2007; Zeh et al., 2009).
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Most of the younger ages may result from new zircon formation and/or multiple Pb loss of older grains related to a late
Palaeoarchaean metamorphic overprint, as is partly supported by combined U-Pb-Hf isotope data of CL-imaged zircon grains (e.g., Kröner and Tegtmeyer, 1994; Kröner, 2007;
Zeh et al., 2009).
(2) The Dwalile Supracrustal Suite (DSS; Wilson, 1982) represents a metavolcano-sedimentary sequence which, according to the detailed mapping of Hunter (1970, 1974), has
been folded together within magmatic rocks of the older
Ngwane and younger Tsawela Gneisses. A detailed description of ages and lithologies is presented in Section 2.1.
(3) The Tsawela Gneiss, consisting of several igneous phases
that intruded mostly between ca. 3.48 and 3.43 Ga (Kröner
et al., 1989, 1993; Kröner and Tegtmeyer, 1994; Zeh et al.,
2011; Mukasa et al., 2013; Hoffmann et al., 2016).
(4) Tonalites and granodiorites of the Usutu Suite, which
intruded in northern and central Swaziland at ca. 3.23–
3.22 Ga. These TTG rocks are slightly younger than the
3.28–3.24 Ga Nhlangano and Mahamba Gneisses in southcentral Swaziland (Schoene and Bowring, 2010).
The Dwalile and Ngwane rocks were mapped by Jackson (1979,
1984) who concluded from a structural study that the DSS structurally overlies the Ngwane gneisses, even though the contact
between both units is highly obscured by high-strain deformation.
Both the Ngwane Gneiss and parts of the Dwalile greenstone rocks
are intruded by a medium- to coarse- grained tonalite of the Tsawela Gneiss (Hunter, 1970, 1991; Jackson, 1979; Kröner et al.,
1989; Kröner and Tegtmeyer, 1994). The present-day outcrop pattern of the AGC is controlled by folds, with the Tsawela gneisses
forming the cores of east-plunging antiforms, and the DSS forming
synformal cores (Jackson, 1979).
The BGGT (Fig. 1) is situated north of the AGCT and consists of
volcano-sedimentary sequences of the Barberton Greenstone Belt
(BGB) that formed between ca. 3.55 and 3.22 Ga and granitoid
rocks which range in age from ca. 3.55 to 3.10 Ga (de Wit et al.,
1992; de Ronde and de Wit, 1994; Kamo and Davis, 1994;
Dziggel et al., 2002, 2006; Kisters et al., 2003, 2010). The stratigraphy of the greenstone belt is divided into three main stratigraphic
units. From base to top these are: the Onverwacht,Fig Tree, and
Moodies Groups.
(1) The Onverwacht Group (ca. 3.55–3.28 Ga) consists largely of
ultramafic to mafic volcanic rocks, including komatiites,
interlayered with felsic volcanics, cherts and minor clastic
sediments (de Wit et al., 1987; Lowe and Byerly, 1999,
2007; Decker et al., 2015).
(2) The Fig Tree Group (ca. 3.26–3.22 Ga) consists mainly of
clastic and chemical sediments such as greywacke, shale,
chert, barite, and BIF and dacitic volcaniclastic rocks (Lowe
and Byerly, 1999).
(3) The Moodies Group (ca. 3.22–3.215 Ga) comprises conglomerate, quartzose sandstone, siltstone and shale, as well as
minor volcanics and BIFs, deposited in one or several faultbound basins along the margins of the rising TTG plutons
(Lowe and Byerly, 2007; Heubeck et al., 2013).
In the Barberton area, there are three main episodes of TTG plutonism at ca. 3.55–3.5 Ga (Steynsdorp Pluton), 3.45 Ga (Theespruit,
Stolzburg Plutons), and 3.23–3.21 Ga (e.g., Nelshoogte and Kaap
Valley plutons) (Kamo and Davis, 1994; Kröner et al., 1996;
Moyen et al., 2007; Zeh et al., 2009; Kisters et al., 2010).
The early TTG suites that intruded at ca. 3.51 and 3.45 Ga are
emplaced in the southern parts of the BGGT and are largely coeval
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with the extrusion of the lower parts of the Onverwacht Group,
including the Kromberg Formation. The TTG suites intruded at
3.23–3.22 Ga are suggested to represent subduction-driven arc
magmatism south of the Barberton Mountain Land in a NW-SE
compressive tectonic regime, which coincided with convergence
at ca. 3.26–3.23 Ga (e.g., de Ronde and de Wit, 1994; Kamo and
Davis, 1994; de Ronde and Kamo, 2000; Kisters et al., 2010;
Schoene and Bowring, 2010).
The two main deformation events within the BGGT occured at
ca. 3.45–3.44 Ga and 3.23–3.225 Ga, with the latter being the main
phase of deformation and terrane accretion (e.g., de Wit et al.,
1992; de Ronde and de Wit, 1994; Lowe, 1994; Lowe and Byerly,
1999; de Ronde and Kamo, 2000; Kisters et al., 2010; Cutts et al.,
2013). Most parts of the belt have undergone low-grade
greenschist-facies to sub-greenschist-facies metamorphism, which
has been interpreted to be the result of both seafloor and subsequent regional metamorphism (Cloete, 1991, 1999; Grosch et al.,
2012; Farber et al., 2015). Local high-pressure, low to mediumtemperature amphibolite-facies metamorphism is recorded in the
Stolzburg Terrane in the southern BGGT, which occurred at ca.
3.23 Ga (Dziggel et al., 2002, 2005; Diener et al., 2005; Moyen
et al., 2006; Cutts et al., 2013, 2015). These rocks are polymetamorphic and had, in addition to possible sea-floor metamorphism, also
experienced low-pressure amphibolite facies metamorphism at ca.
3.435 Ga (Cutts et al., 2013). The only other area containing rocks
of higher metamorphic grades is along the northern margins of
the BGB. Here low-pressure amphibolite facies metamorphism is
recorded at ca. 3.23 Ga (Dziggel et al., 2006, 2010). The degree of
metamorphism of BGB strata in Swaziland has not been thoroughly
investigated.
Within the AGC of Swaziland, metamorphic ages between ca.
3.23 and 3.07 Ga are recorded in the metasediments of the highgrade Luboya-Kubuta terrane (Taylor et al., 2012; Fig. 1). Taylor
et al. (2012) suggested that the ca. 3.23–3.07 Ga metamorphic evolution of the Luboya-Kubuta granulites has been related to NW-SE
subduction accretion via migration of the subduction zone
outboard.
To the north, the already deformed DSS was intruded by the
Mpuluzi Batholith (Hunter, 1974; Barton et al., 1983; Kamo and
Davis, 1994). This batholith is part of a large granodiorite-monzo
granite-syenogranite (GMS) suite separating the BGGT and the
AGCT. These batholiths mark the transition from the earlier sodic
TTGs to the younger monzogranitic and granitic magmatism
(Clemens et al., 2010). This 3.14–3.1 Ga widespread event of voluminous, sheetlike potassic batholiths (Westraat et al., 2005) are
represented by the Mpuluzi and Heerenveen Batholiths in Swaziland and, south of the BGGT, the Pigg’s Peak batholith (southeast
of the BGGT) in Swaziland, and the Nelspruit batholith north of
the BGGT (Fig. 1). These intrusions postdate the main accretionary
event of the BGGT (e.g., Anhaeusser and Robb, 1983; Kamo and
Davis, 1994; Westraat et al., 2005; Schoene and Bowring, 2007)
and are the result of intraplate compression (Belcher and Kisters,
2006a,b) combined with advected heat into the deep crust, probably through mantle-derived magmas (Clemens et al., 2010).
The stabilization of the Archaean crust was followed by a period
of continental rifting marked by the intrusion of the ca. 2.98 Ga
gabbro of the Piet Retief Suite of the Usushwana Complex
(Gumsley et al., 2015) directly to the SW the DSS (Figs. 1 and 2).
Continental rifting culminated in the formation of the Pongola
Supergroup, a thick volcano-sedimentary basin succession
(Hegner et al., 1994; Wilson et al., 2013). The Pongola Supergroup
was deposited between ca. 2.98 and 2.95 Ga (Mukasa et al., 2013)
and has been subsequently intruded by mafic dykes and sills of the
ca. 2.87 Ga phase of the Usushwana Complex magmatism (Hunter,
1970; Hegner et al., 1984; Layer et al., 1988; Gumsley et al., 2015).
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2.1. Study area
The DSS consists of several greenstone remnants in SW
Swaziland (Figs. 1 and 2). These remnants comprise mainly
mafic-ultramafic metavolcanic rocks associated with banded iron
formation (BIF) and clastic metasedimentary rocks and. The largest
occurrence is the boot-shaped Dwalile greenstone remnant that
occurs south of the small village of Dwalile (Fig. 2).
The Dwalile sequence mainly consists of an almost completely
altered mafic-ultramafic suite, now consisting of interlayered magnesian schist, serpentinite, and komatiitic to andesitic metavolcanic rocks, which are metamorphosed to amphibole-bearing
schists. These rocks are structurally overlain by metasedimentary
rocks such as metaquartzite, metagreywacke, metapelite, calcsilicate gneiss and BIF. The metasedimentary rocks are locally
interlayered with the metavolcanic rocks (Tegtmeyer, 1989;
Kröner and Tegtmeyer, 1994).
Jackson (1984) and Kröner and Tegtmeyer (1994) interpreted
many of the contacts within the volcano-sedimentary succession
to be depositional, suggesting a primary sequence of interbedded
lavas and predominantly clastic sediment, Kröner and Tegtmeyer
(1994) dated detrital zircons from three clastic metasedimentary
samples from the Dwalile greenstone remnant by SHRIMP. The
data show 207Pb/206Pb ages between 3.57 and 3.42 Ga, interpreted
to reflect a relatively homogeneous granitoid source. Tegtmeyer
(1989) suggested on the basis of REE data that some Dwalile
meta-komatiites and meta-basalts underwent up to 10% contamination by older continental crust, a feature which is supported by
the Sm-Nd isotopic data. Neodymium model ages between 3.9 and
3.7 Ga for the metasediments of the DSS points to the presence of
very old crustal components in the AGC (Kröner and Tegtmeyer,
1994).
The Dwalile mafic-ultramafic rocks have often been correlated
with the lower units of the BGB, in particular as the geochemical
composition of the metavolcanic rocks is very similar to those of
the Onverwacht Group (e.g., Wilson, 1979; Jackson, 1984; Kröner
and Tegtmeyer, 1994). Tegtmeyer (1989) estimated peak metamorphic P-T conditions of 550–600 °C and 4 kbar based on coexisting andalusite and staurolite in one metapelitic sample.

3. Analytical procedures
We sampled a variety of samples in Swaziland close to the border with South Africa, south of the town Dwalile. Location coordinates are given in Table 1. Sample preparation for radiometric
dating for seven samples was done at the Department of Earth
Sciences, Stellenbosch University. The zircons were examined by
backscattered electron (BSE) and cathodoluminescence (CL) imaging to determine different age domains and to identify cracks and
metamict zones. The imaging was done using a ZEISS EVO
MA15VP, as well as a LEO 1450VP Scanning Electron Microscope
(SEM). U-Pb data for these seven samples were obtained at the
Central Analytical Facility, Stellenbosch University, and were
acquired by laser ablation – single collector – magnetic sectorfield
– inductively coupled plasma – mass spectrometry (LA-SF-ICP-MS)
employing a Thermo Finnigan Element 2 mass spectrometer coupled to a Resonetics Resolution S155 excimer laser ablation system. The methods employed for analysis and data processing are
described in detail by Frei and Gerdes (2009).
Subsequently, Lu-Hf isotope analyses were carried out using a
Thermo-Finnigan Neptune multicollector ICP-MS coupled to a
Photon-Machines 193 nm excimer laser system (at Departamento
de Geologia, Universidade Federal de Ouro Preto).
The quartzite sample DW5 was processed and subsequently CL
imaged and analysed for U-Pb and Lu-Hf isotopes at Goethe

University Frankfurt (GUF), Germany, using the procedures as
described in detail in Gerdes and Zeh (2006, 2009), with modifications in Zeh and Gerdes (2012). U-Pb analyses were performed
using a single-collector (Element 2) mass spectrometer and Lu-Hf
analyses were performed using a multi-collector (Neptune) sector
field ICP-MS system coupled to a Resonetics Resolution S155 excimer laser ablation system.
The calculation of weighted mean, Concordia and upper intercept ages (95% confidence level) and the plotting of Concordia diagrams were performed using Isoplot/Ex 3.0 (Ludwig, 2003). The
probability plots were made using AgeDisplay (Sircombe, 2004),
and include 207Pb/206Pb ages of all zircon analyses with a concordance level between 95% and 105%.
Full analytical details and results are reported in the
Supplementary Material S1, S2 and S3. A summary of the U-Pb
and Hf isotope zircon data is shown in Table 2.

4. Results
4.1. Petrography
Sample DW1417 is a white mica-quartz schist of rhyolitic composition, perhaps a (meta)volcaniclastic rock, containing minor
chlorite, accessory ilmenite, zircon and monazite.
Sample DW1424 is a schist of dacitic composition, which consist of (fibrous) actinolite, plagioclase, quartz, biotite, titanite, Kfeldspar (together with plagioclase), clinozoisite/allanite, minor
chlorite, apatite and accessory zircon (Fig. 3a).
Sample DW1408 is a garnet-hercynite granulite made up by
garnet porphyroblasts, quartz, hercynite, biotite (retrograde to
chlorite) and fine grained muscovite (sericite) and chlorite. The fine
grained muscovite and chlorite most likely formed during retrogression after cordierite, sillimanite and plagioclase (Fig. 3b–d).
Accessory minerals include ilmenite, zircon and monazite.
Sample DW1438 is an orthopyroxene-cordierite granulite from
the same sample locality as sample DW1408 but from a different
layer and shows a different assemblage. The mineralogy consists
of orthopyroxene, cordierite, plagioclase (95%An), quartz, minor
biotite (retrograde to chlorite), and accessory ilmenite, hercynitemagnetite, apatite, zircon and monazite (Fig. 3e and f).
The sample has been affected by alteration and fine grained
chlorite occurs along most grain boundaries. The sample is
garnet-free but contains opx + crd + pl pseudomorphs after garnet
with fine grained opx + crd symplectite produced in former pressure shadows. The symplectite is orientated parallel to the main
foliation (Fig. 3f).
Mineral assemblages, as well as melt inclusions in garnet and
hercynite suggest that both samples (DW1408 and DW1438)
underwent granulite-facies metamorphism in the presence of melt.
The restitic character of both samples is consistent with the rocks
having lost melt during granulite-facies metamorphism.
Sample DW5 is a relatively pure quartzite with very minor muscovite and biotite as well as accessory zircon and apatite. The sample was taken from a folded quartzite layer, which is closely
interlayered with garnet-bearing metapelitic schists.
Sample DW1437 is a pinkish, fine to medium-grained, metapelitic schist with a defined stretching lineation. The sample contains
quartz, muscovite, sillimanite, minor chlorite and ilmenite and
accessory zircon (Fig. 3g).
Sample DW1414 is an amphibole schist with intermediate
chemical composition that consists of K-feldspar, plagioclase, actinolite (also in asbestos form), clinozoisite, quartz, titanite, apatite,
minor chlorite and accessory zircon (Fig. 3h). The feldspar in the
sample consists of patchy plagioclase and K-feldspar. The titanite
grains are up to 200 mm.
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Table 1
Sample description and GPS locations for all samples.
Sample
DW5
DW1408
DW1414
DW1417
DW1422
DW1424
DW1437
DW1438

GPS coordinates
26°
26°
26°
26°
26°
26°
26°
26°

0

40.733 S
41.2420 S
41.7830 S
42.3350 S
41.7560 S
41.8990 S
42.2580 S
41.2600 S

30°
30°
30°
30°
30°
30°
30°
30°

0

48.615 E
47.5420 E
48.0510 E
50.1830 E
48.7440 E
48.3190 E
49.6370 E
47.5560 E

Rock type

Mineralogy

Metamorphic facies

Quartzite
Metapelite
Amphibole schist
Mica schist
Amphibolite
Metadacite
Metapelite
Metapelite

Qtz ± Ms ± Bt ± Ap
Grt + Sericite + Qtz ± Herc ± Ilm
Hbl + Kfs + Pl + Epi + Qtz ± Chl ± Tnt ± Ap
Ms + Qtz ± Chl ± Ilm
Hbl ± Qtz ± Ap
Act + Kfs + Pl + Czo + Qtz ± Chl ± Tnt ± Ap
Ms + Sill + Qtz ± Chl ± Ilm
Opx + Crd + Pl + Qtz ± Bt ± Chl ± Ilm ± Sp

Amphibolite
Granulite
Amphibolite
Amphibolite
Amphibolite
Amphibolite
Amphibolite
Granulite

Table 2
Compilation of U–Pb and Lu–Hf isotope results obtained during this study.
Sample
DW1424
DW1417
DW5

Magmatic
Age (Ma)1

Detrital age
Population (Ma)1

Deposition
Age (Ma)2

Metamorphic
Age (Ma)1

3465 ± 2
3459 ± 2
3518 ± 1
3510–3420
3467 ± 5
3396–3205

DW1438

3456 ± 3
3416 ± 8
3416 ± 8
3399–3047
2996 ± 2

DW1408

3439 ± 7
3401 ± 5
3363 ± 8
3363 ± 8
3356–3135
2985 ± 5

DW1437

3533 ± 6
3447 ± 5
3300 ± 6
3249 ± 125
3229 ± 9

DW1422
DW1414
1
2
3
4
5

3195–3188
3159 ± 3
3153 ± 3

n

±2 SD
(105)

eHft
(av.)

±2r

n

TCDM

0.280591
0.280625
0.280569
0.280590

7
31
43
14

1.8
2.9
2.3
2.4

0.9
0.7
1.2
1.2

20
17
51
29

3.65–3.56
3.60–3.49
3.71–3.51
3.68–3.44

0.280612
0.280630

65
36

2.3
2.0

1.2
0.9

2
19
3

3.72–3.71
3.68–3.44
3.59–3.52

0.280819
0.28059
0.280591
0.280605

39
38
57
8

1.2
1.2
0.2
0.1

1.0
1.2
1.0
1.0

5
13
18
12
5

3.61–3.34
3.46–3.33
3.72–3.51
3.74–3.56
3.64–3.62

0.280746
0.280524
0.280600
0.280620
0.280678

38
57
72
56
70

4.13
1.1
1.74
1.1
0.1

1.2
0.9
0.8
0.9
0.8

12
6
7
8
11
10

3.73–3.45
3.57–3.48
3.79–3.65
3.66–3.50
3.76–3.55
3.68–3.47

0.280679
0.280763
0.280701

1
55
62

1.5
0.3
1.7

0.8
0.7
2.0

2
2
13

3.58–3.56
3.48–3.37
3.64–3.45

176
177

70
52
52
28
5
3
33
4
4
11
78
18
11
4
4
12
10
6
9
7
8
3
2
33
30

Hf/
Hft

Concordia age or age population 95–105% concordant.
Maximum deposition age calculated by the Concordia age of the youngest grain(s).
Excluding one outlier at 176Hf/177Hft = 0.28016, eHft = 8.7 and TCDM = 3.79.
Excluding one outlier at 176Hf/177Hft = 0.280484, eHft = 2.3 and TCDM = 3.82.
Weighted mean.

Sample DW1422 is a fine-grained amphibolite containing
mainly calcic amphibole (hornblende), minor orthoamphibole,
quartz and accessory apatite and zircon (Fig. 3i). Both DW1414
and DW1422 may be (meta)volcaniclastic rocks.
All sample locations and the main mineralogy of the samples
are listed in Table 1.
4.2. U-Pb zircon dating and Lu-Hf isotope analyses
4.2.1. DW1417 and DW1424
Sample DW1417 (metavolcaniclastic rock) contains a single
population of small, stubby zircons (50–175 mm) with minor oscillatory, sector zoning and thin CL-dark rims. The zircon rims of sample DW1417 were too small to date (Fig. 4a). Sample DW1424
(metadacite) contains zircon grains ranging between 50 and
350 mm which have an euhedral shape and show typical oscillatory
magmatic zoning (Fig. 4b).
The Th/U ratio of the analysed zircon grains of sample DW1417
ranges between 0.90 and 0.08, and about half of the analyses yield
a Concordia age (<2% discordant) at 3.460 ± 0.002 Ga (Fig. 4c).
The zircons of sample DW1424 have a Th/U ratio between 0.71–
0.33. The spot analyses yield similar 207Pb/206Pb ages and about

half of them gave a Concordia age (<2% discordant) at
3.465 ± 0.002 Ga (Fig. 4d).
The Lu–Hf isotope analyses of zircon from both samples yielded
similar superchondritic eHft values. Zircon analyses of sample
DW1417 yield within error identical 176Hf/177Hft ratios of
0.280625 ± 0.000031 (2 SD, n = 17), corresponding to eHf3.46
C
Ga = 2.9 ± 0.7, and TDM model ages of 3.60–3.49 Ga. Those of sample
176
DW1424 yield
Hf/177Hft of 0.280591 ± 0.000007 (2 SD, n = 20),
corresponding to eHf3.465 Ga = 1.8 ± 0.9, and TCDM = 3.65–3.56 Ga.
The data reveal a slightly more juvenile signature for sample
DW1417 compared to sample DW1424 (Fig. 5).
4.2.2. DW5
This quartzite sample contains detrital zircons of subhedral to
slightly rounded shape, showing mostly an oscillatory (magmatic)
zoning (Fig. 6a). The oldest detrital zircon grains from this sample
are about 3.515 Ga and around half of the zircons yielded a
Concordia age of 3.518 ± 0.001 Ga (n = 52, MSWD = 1.19,
Probability = 0.27). The rest of the pristine detrital grains yielded
younger, mostly concordant ages with the youngest grain at
3.420 ± 0.001 Ga (Fig. 6b and c). The youngest cluster of grains
gave a Concordia age of 3.467 ± 0.008 Ga (n = 5, MSWD = 0.24,
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Fig. 3. Backscattered electron images sample DW1424 (a) metadacite with actinolite, plagioclase, K-feldspar, quartz, biotite, clinozoisite, titanite and ilmenite. Sample
DW1408 (b) garnet-hercynite schist with euhedral garnet with quartz and ilmenite inclusions. Garnet is partly replaced by chlorite. (c) Detail of garnet porphyroblast with
quartz, ilmenite, hercynite and melt inclusions. (d) Hercynite with melt inclusions. The matrix consists of quartz, chlorite and sericite. Sample DW1438 (e) matrix minerals
consisting of orthopyroxene, cordierite, ilmenite and hercynite-magnetite. Replacement by chlorite. (f) Pseudomorph after garnet with orthopyroxene, cordierite, plagioclase,
ilmenite and quartz and an opx-crd symplectite. Matrix next to the psuedomorph consists of orthopyroxene, cordierite, quartz, biotite, ilmenite, and hercynite-magnetite.
Sample DW1437 (g) metapelite with quartz, sillimanite and muscovite. Sample DW1414 (h) amphibole schist with actinolite, plagioclase, K-feldspar, clinozoisite, quartz,
titanite and ilmenite. Sample DW1422 (i) amphibolite with hornblende, partly replaced by orthoamphibole, chlorite and ilmenite.

Probability = 0.62). This is regarded as the maximum depositional
age for sample DW5. Three zircon rims gave even younger ages
at 3.396 ± 0.015, 3.230 ± 0.009 and 3.205 ± 0.022 Ga. These three
ages perhaps result from early Pb loss, due to metamorphic (partial
or complete) recrystallisation of the rims of older grains at about
3.2 Ga. This interpretation is supported by the observation that
the 176Hf/177Hft ratios of the rims are similar to those in the magmatic domains, but the ages are younger and the Th/U ratios are
lower (Fig. 7a). New zircon formation at 3.2 Ga can be excluded
because significantly higher 176Hf/177Hft of the rims would be
expected (Gerdes and Zeh, 2009). It is pertinent to note that the
176
Hf/177Hft ratios of detrital zircon grains with ages between

3.53
and
3.42 Ga show a
very limited
range
of
0.280577 ± 0.000051 (2 SD, n = 82), pointing to an isotopically
homogeneous magmatic source during the crystallisation. The eHft
values range between + 5.4 and + 0.7, corresponding to Hf model
ages (TCDM) of 3.71–3.44 Ga (Fig. 7b).
4.2.3. DW1408 and DW1438
In these two granulite-facies samples, three types of zircon can
be distinguished:
(i) detrital zircon grains, showing mostly an oscillatory (magmatic) zoning, and (ii) recrystallised zircon grains/domain/rims
characterized by diffuse zoning patterns, pores and relatively high
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Fig. 4. Representative CL-images of magmatic zircon grains of samples (a) DW1417 and (b) DW1424. # – number corresponding to the location of U–Pb and Lu–Hf laser spots
shown. Concordia diagrams showing concordant U-Pb results (c) DW1417 and (d) DW1424.

Fig. 5. eHft values vs. Pb–Pb age (Ma) diagram for samples DW1417 and DW1424.

common Pb, pointing to alteration of older magmatic grains
(Heubeck et al., 2013), and (iii) metamorphic zircon grains mainly
showing a typical sector zoning, and ‘‘soccer ball” to prismatic
shapes (Fig. 8a and b). Furthermore, some grains have magmatic
cores and metamorphic rims.
Detrital zircon grains in sample DW1408 shows a wider age
spread than those of sample DW1438, with a large portion of UPb ages being discordant (Fig. 9a and b). The oldest grains yield a
Concordia age of 3.439 ± 0.007 Ga (n = 18) and other grains a
slightly younger Concordia age of 3.401 ± 0.005 Ga (n = 11). The
youngest four detrital zircons that do not appear to be affected
by Pb loss gave a Concordia age of 3.363 ± 0.008 Ga, which is considered to be the maximum depositional age for sample DW1408.
Eleven grains yield younger concordant ages between 3.356 and
3.206 Ga. However, as these grains show disturbed zoning patterns
(in CL images), their ages are considered to be partially reset by
lead loss during subsequent recrystallisation (Fig. 8a).

Detrital zircon grains of sample DW1438 gave 207Pb/206Pb ages
between 3.495 and 3.405 Ga (Fig. 9c and d), and most of them gave
a Concordia age of 3.456 ± 0.003 Ga. The youngest grain that does
not show any clear sign of alteration/recrystallisation yielded a
207
Pb/206Pb age of 3.405 ± 0.036 Ga. The youngest zircon cluster
(n = 4) gave a slightly older Concordia age of 3.416 ± 0.008 Ga, this
age is considered to be the maximum depositional age for sample
DW1438. This age is ca. 0.050 Ga older than the youngest detrital
grains found in sample DW1408. Eleven grains gave younger concordant ages between 3.399 and 3.047 Ga. Eight of these grains
show disturbed (recrystallised) magmatic zoning patterns. The
other three grains show sector zoning but have a slightly older
Concordia age than the youngest population at 3.058 ± 0.010 Ga
(MSWD = 1.5, Probability = 0.22) (Fig. 8b and c).
Hafnium isotope analyses of detrital zircons of samples
DW1438 and DW1408 yield very similar results, with 176Hf/177Hft
mostly scattering between 0.28055 and 0.28065, corresponding to
mostly superchondritic eHft of 0 to +6, and Hf model ages between
3.75 and 3.45 Ga (see Fig. 10a–d, Table 2). The detrital zircon grains
of sample DW1408 show 176Hf/177Hft = 0.280592 ± 0.000051 (2 SD)
and Hf model ages between 3.74 and 3.51 Ga, whereas the detrital
grains of sample DW1438 show 176Hf/177Hft = 0.280615 ± 0.000059
(2 SD), and TCDM = 3.68–3.44 Ga. Post-zircon growth alteration commonly causes a horizontal alignment of data in 176Hf/177Hft vs. age
diagrams, reflecting the fact that the U-Pb system becomes seriously
disturbed (reset) during alteration, while the primary Hf isotope
composition remains widely unaffected (for more details see
Gerdes and Zeh, 2009). Such an alteration (Pb-loss) trend is well
reflected by detrital grains in sample DW1408, and to a lesser extend
in sample DW1438 (Fig. 9b and d). The 176Hf/177Hft ratios of four
grains of sample DW1408 (with a metamorphic zoning, and a
207
Pb/206Pb age of ca. 3.265 Ga) plot significantly above the alteration trend. This suggests that these grains, and perhaps also grain
#211 of sample DW1438, were newly formed during a metamorphic
event. This conclusion is consistent with results of Gerdes and Zeh
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Fig. 6. Representative CL-images of detrital zircon grains of quartzite sample DW5. -# – number corresponding to the location of U–Pb and Lu–Hf laser spots shown. (b)
Concordia diagram showing concordant U-Pb results (black = detrital data, grey = metamorphic data), and (c) Probability/frequency vs. age diagram for sample DW5.

Fig. 7. (a)

176

Hf/177Hft vs. Pb–Pb age (Ma) and (b) eHft values vs. Pb–Pb age (Ma) diagrams for sample DW5.

(2009), showing that newly formed zircon domains (grains or overgrowths) within a single rock sample mostly have higher initial
176
Hf/177Hf than older domains, due to incorporation of additional
radiogenic 176Hf formed by 176Lu decay in the rock’s matrix.
The youngest zircon grains in both samples are all of metamorphic origin. These grains, yield Mesoarchaean ages at ca. 2.99 Ga,
and are characterized by a ‘‘soccer ball” to prismatic shape, and
often show sector zoning (Fig. 8a and b). Ten zircons of sample
DW1408, with Th/U ratio of 0.41–0.14, yield a Concordia age of
2.985 ± 0.005 Ga (Fig. 9a), and 78 zircon grains of sample
DW1438, with Th/U = 0.54–0.28, a Concordia age of
2.996 ± 0.002 Ga (Fig. 9b).
The 176Hf/177Hft ratios of the metamorphic zircon grains are
always significantly higher than those of the detrital grains, with

176

Hf/177Hft = 0.280746 ± 0.000038 (2 SD, n = 6) for sample
DW1408. Grain #194 of sample DW1408 has an 207Pb/206Pb age
of 3.135 Ga but a 176Hf/177Hft ratio similar to the 2.985 Ga metamorphic grains. Grain #145 has a xenocrystic core with a metamorphic overgrowth with the same age as the sector-zoned
crystals at 2.983 Ga but its 176Hf/177Hft ratio has not changed
(Fig. 10a). The 2.995 Ga metamorphic grains of sample DW1438
have higher 176Hf/177Hft ratios than sample DW1408 (Fig. 10c) at
0.280819 ± 0.000022 (2 SD, n = 13).
4.2.4. DW1437
This metapelite sample contains detrital zircons of subhedral to
slightly rounded shape. The majority of the grains, independent of
their age, are oscillatory zoned but many of them show metamict
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Fig. 8. CL and BSE images of representative detrital, recrystallised and metamorphic zircon grains from samples (a) DW1408 and (b) DW1438. # – number corresponding to
the location of U–Pb and Lu–Hf laser spots shown.

domains, probably responsible for the large amount of discordant
analyses (Fig. 11a–c). Only 35 out of 135 analyses have concordance
level between 95–105%. Based on CL/BSE images and combined UPb and Lu-Hf isotope analyses, four predominant zircon populations can be distinguished at 3.533 ± 0.006 Ga, 3.447 ± 0.005 Ga,
3.300 ± 0.006 Ga, and between 3.27 and 3.22 Ga. The last cluster
has a weighted mean age of 3.249 ± 0.012 Ga (n = 8), the three
youngest grains of this group gave a Concordia age of
3.229 ± 0.009 Ga (MSWD = 0.40, Probability = 0.53). This age is considered as the maximum depositional age for sample DW1437. The
two youngest concordant grains have 207Pb/206Pb ages of
3.195 ± 0.033 Ga and 3.188 ± 0.033 Ga, respectively. Based on combined CL/BSE images, Th/U, and U-Pb-Hf isotope analyses it is suggested that the two youngest grains with ages at about 3.19 Ga
where were affected by partial Pb loss due to (partial or complete)

recrystallisation during a subsequent metamorphic overprint.
Especially grain #15 which contains a rim surrounding a metamict
core (Fig. 11a).
The Lu-Hf isotope analyses reveal a general increase of
176
Hf/177Hft from the oldest to the youngest populations, as is
reflected by average 176Hf/177Hft of 0.28052 ± 0.00006 (at 3.53 Ga,
n = 7, 2 SD), 0.28059 ± 0.0001 (at 3.45 Ga, n = 9, 2 SD), 0.28062 ±
0.00006 (at 3.30 Ga, n = 12, 2 SD), and 0.280680 ± 0.00007 (at 3.27–
3.22 Ga, n = 9, 2 SD) (Fig. 12a). These ratios result in mostly superchondritic eHft for the two oldest populations at 3.53 Ga (eHft = 2.1
to 0.4; TCDM = 3.79–3.65) and 3.45 Ga (eHft = 3.7–0.3; outlier at
2.3; TCDM = 3.82–3.50), and mostly subchondritic values for the two
younger populations and the youngest grains, at 3.30 Ga (eHft = 0.0
to 3.4; TCDM = 3.76–3.55), 3.27–3.22 Ga (eHft 1.0 to 2.0 TCDM = 3.68–
3.49) and at 3.19 Ga (eHft = 2.0 to 2.7; TCDM = 3.79–3.73) (Fig. 12b).
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Fig. 9. Sample DW1408 (a) Concordia diagram showing concordant U-Pb results (black = detrital data, grey = metamorphic data), and (b) Probability/frequency vs. age
diagram. Sample DW1438 (c) Concordia diagram showing concordant U-Pb results (black = detrital data, grey = metamorphic data), and (d) Probability/frequency vs. age
diagram.

Fig. 10.

176

Hf/177Hft vs. Pb–Pb age (Ma) and eHft values vs. Pb–Pb age (Ma) diagrams for samples (a, b) DW1408 and (c, d) DW1438.

4.2.5. DW1414 and DW1422
Samples DW1414 (amphibole-bearing schist) and sample
DW1422 (fine-grained amphibolite) contain zircons with a
variety of shapes which mostly show a patchy sector zoning
surrounded by rims showing a poorly defined oscillatory zoning

or a homogeneous texture (Fig. 13a and b). The zoning is however
not prominent but includes a weak, commonly diffuse sector
zoning. Some grains have a homogeneous (CL-bright) rim. The
Th/U ratio of the grains is very low at 0.02–0.06 (sample
DW1414) and 0.14 and 0.20 (sample DW1422). This is distinctive
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Fig. 11. (a) Representative CL-images of detrital zircon grains of metapelite sample DW1437. # – number corresponding to the location of U–Pb and Lu–Hf laser spots shown.
(b) Concordia diagram showing concordant U-Pb results (black = detrital data, grey = metamorphic data), and (c) Probability/frequency vs. age diagram for sample DW1437.

Fig. 12. Sample DW137 (a)

176

Hf/177Hft vs. Pb–Pb age (Ma) diagram. (b) eHft values vs. Pb–Pb age (Ma).

of metamorphic zircon grown in the amphibolite facies (Vavra
et al., 1999). The U-Pb analyses for sample DW1414 yielded an
upper intercept age of 3.155 ± 0.004 Ga with a lower intercept
age at 0.934 ± 0.078 Ga and a Concordia age of 3.153 ± 0.003 Ga
(<3% discordant; Fig. 13c). Results of U-Pb dating for sample
DW1422 yielded an upper intercept age of 3.159 ± 0.003 Ga with
a lower intercept age of 0.145 ± 0.180 Ga, and a Concordia age of
3.159 ± 0.003 Ga (<3% discordant; Fig. 13d).
The Hf isotope ratios of all zircon grains of sample DW1414 are
similar (176Hf/177Hft = 0.280701 ± 0.000062 (2 SD, n = 13)), corresponding to eHft of 1.7 ± 2.0, and Hf model ages between 3.64
and 3.45 Ga (Fig. 14a and b). Due to the small grain size, only four
zircons of sample DW1422 could be analysed for Lu-Hf isotopes.
These yielded 176Hf/177Hft = 0.280763 ± 0.000055 (2 SD, n = 4), corresponding to eHft = 0.7 ± 2.0 (n = 4), and TCDM = 3.48–3.37 Ga
(Fig. 14a and b).

5. Discussion
5.1. Depositional ages
Based on field relationships and chemical compositions, the
mica schist DW1417 and metadacite DW1424 of the DSS are suggested be of (meta)volcanic or (meta)volcaniclastic origin. Such an
origin is in agreement with the fact that zircon grains from both
samples show magmatic shapes and zoning, have identical initial
176
Hf/177Hf, and gave nearly identical U-Pb ages of 3.460 ±
0.002 Ga and 3.465 ± 0.002 Ga, which are interpreted to represent
the timing of volcanic eruption. This puts the timing of extrusion
for these rocks at ca. 3.46 Ga and they therefore represent the oldest rocks of the DSS. This age is very similar to the maximum depositional age for quartzite sample DW5 at 3.467 ± 0.008 Ga but
somewhat older than the maximum depositional age of metapelite
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Fig. 13. Representative CL-images of metamorphic zircon grains of samples (a) DW1414 and (b) DW1422. # – number corresponding to the location of U–Pb and Lu–Hf laser
spots shown. Concordia diagrams showing U-Pb results, for samples (c) DW1414 and (d) DW1422.

Fig. 14. (a)

176

Hf/177Hft vs. Pb–Pb age (Ma) and (b) eHft values vs. Pb–Pb age (Ma) diagrams for samples DW1414 and DW1422.

sample DW1438 at 3.416 ± 0.008 Ga. DW1408 yielded a very similar Concordia age of 3.401 ± 0.005 Ga (n = 11) (Table 2). However,
four detrital grains with preserved oscillatory zoning in this sample
gave an even younger Concordia age of 3.363 ± 0.008 Ga, representing the maximum depositional age of this sample. Provided
that the four youngest grains were not affected by any ‘‘Concor
dia-parallel” Pb-loss during subsequent metamorphic overprints
at 3.15 Ga and/or 2.99 Ga (see below). Considering the high degree
of discordance and alteration of most zircon grains in sample
DW1408, it cannot be completely excluded that early Pb-loss is
affecting most grains. Early Pb-loss, which causes unrealistically
young maximum depositional ages, has been reported from many
other polymetamorphic Archaean Gneiss terranes worldwide (e.g.,
Cabral et al., 2012; Zeh and Gerdes, 2012; Heubeck et al., 2013; Zeh
et al., 2013; Koglin et al., 2014). Therefore, the most robust maximum depositional age for the metasedimentary samples DW5,
DW1408 and DW1438 is between 3.465 Ga and 3.400 Ga. This
depositional age corresponds roughly to those of the Hooggenoeg,
Kromberg and Noisy Formations of the Onverwacht Group (3.46–
3.36 Ga; Lowe and Byerly, 2007; Grosch et al., 2011) of the BGBT.

The two youngest zircon grains in the metapelite sample
DW1437 show significantly younger 207Pb/206Pb ages at
3.195 ± 0.033 Ga and 3.188 ± 0.033 Ga. These two dates are identical within analytical error of uncertainty to ages of deposition and
deformation of the Moodies Group (ca 3.223 ± 0.001 to ca.
3.219 ± 0.009 Ma) (Heubeck et al., 2013). However, it is very likely
that the younger ages in sample DW1437 resulted from Pb loss
during metamorphic recrystallisation. In any case, the youngest
robust cluster of eight detrital zircons in this sample gave a
weighted mean age of 3.249 ± 0.012 Ga. The three youngest grains
of this group gave a Concordia age of 3.229 ± 0.009 Ga. This maximum depositional age provides unambiguous evidence that this
sedimentary rock was deposited at the Palaeoarchaean/Mesoarchaean transition. Therefore, detrital zircon ages indicate that the
DSS is made up of two distinct groups of clastic metasedimentary
rocks; an older group (Group I) reflected by the samples DW5,
DW108 and DW1438, and a younger group (Group II), reflected
by sample DW1437. Group I coincides in age with the Hooggenoeg,
Kromberg and Noisy Formations of the Onverwacht Group, and
Group II with the Fig Tree and Moodies Groups of the BGBT.
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Contemporaneity with Moodies sedimentation is however not certain for sample DW1437 since there is only limited amount of data
to constrain this. The metapelite could either have been deposited
at ca. 3.23 Ga, which would make it a very plausible Fig Tree equivalent, or <3.23 Ga but without a major input of young volcanic or
plutonic rocks with this age.
Furthermore, both DSS Group I and Group II are apparently time
equivalents to the two distinct groups of high-grade metasedimentary rocks from the Luboya-Kubuta river area in southern Swaziland, which according to Taylor et al. (2016) have maximum
depositional ages of 3.53 to >3.43 Ga (Group I), and 3.22 to
>3.16 Ga (Group II), respectively. Finally, it should be noted that
the mineralogy of samples DW1414 and DW1422 indicate that
they may be of volcanic origin but the zircon grains in these samples were formed during a metamorphic overprint at ca. 3.15 Ga
(see Section 5.3), and thus their U-Pb zircon ages only serve as a
minimum depositional age for these two rocks.
5.2. Provenance
The detrital zircon age spectrum in DSS rocks provide evidence
that the hinterland of the Group I metasedimentary rocks was
affected by magmatic events at 3.53–3.51 Ga and 3.46–3.40 Ga.
Group II metasedimentary rock sample DW1437 additionally contains younger detrital zircon grains formed at 3.30 Ga, and
between 3.27 and 3.22 Ga. The ages obtained for the two oldest zircon populations coincide with SHRIMP dates of 3 other greywacke
samples from the DSS studied by Kröner and Tegtmeyer (1994). As
most zircon grains in these metagreywacke samples yield ages
between 3.563 ± 0.063 Ga and 3.544 ± 0.030 Ga, with a maximum
depositional age of around 3.42 Ga, Kröner and Tegtmeyer (1994)
suggested a relatively homogeneous source terrain, predominately
made up by the Ngwane (TTG) gneisses (ca. 3.52 Ga).
The Ngwane gneisses perhaps also formed the source for the
oldest zircon grains in the quartzite sample DW5 and in metapelite
sample DW1437, which yielded similar or somewhat younger concordant ages of 3.518 ± 0.001 Ga and 3.533 ± 0.006 Ga, respectively
(see Table 2). Most of these grains yield superchondritic eHft, corresponding to Hf model ages between 3.79 and 3.51 Ga. The model
ages are similar to those obtained from Ngwane gneiss samples
(Zeh et al., 2009, 2011) and from detrital grains in the Group I sediments from the Kubuta river area (Taylor et al., 2016), having an
unimodal age peak of ca. 3.53 Ga.
In fact, our combined U-Pb-Hf isotope data indicate that the
source rocks of the >3.50 Ga detrital grains were relatively juvenile,
and resulted from melting of a hydrated mafic crust, which was
derived from a depleted mantle source ca. 0–0.250 Ga prior to
TTG formation. However, they provide no evidence for the involvement of the oldest rocks of the AGCT into the magma genesis.
These rocks are exposed in the Pigg’s Peak area and yield Hadaean
model ages up to 4.1 Ga (Zeh et al., 2011).
Detrital zircon grains with ages of 3.46–3.42 Ga have been
found in all metasedimentary samples. These grains were derived
either from the Tsawela gneisses of the AGCT, which were
emplaced at 3.48–3.43 Ga (Zeh et al., 2011; Hoffmann et al.,
2016), or from equivalents of the ca. 3.46 Ga volcaniclastic rocks
(samples DW1417 and DW1424). Both sources are likely, due to
their overlapping ages and Hf isotope compositions (sample
DW1417: eHf3.46 Ga = 2.9 ± 0.7; sample DW1424: eHf3.465
Ga = 1.8 ± 0.9; Tsawela Gneiss: eHf3.465 Ga = 1.1 ± 1.0; see Table 2,
and Figs. 5 and 15a and b). Nevertheless, our new combined zircon
data provide no evidence that the DSS volcanic rocks were formed
by partial melting of Ngwane gneisses (Fig. 15a). However, formation by mixing of Ngwane gneiss (felsic melts) with tholeiitic,
mantle-derived magmas at 3.46 Ga (as suggested as one option
by Hoffmann et al., 2016) may have been possible. Furthermore,
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it is important to note that the 3.46 Ga DSS volcanic rocks have
more homogeneous and juvenile Hf isotope characteristics than
coeval felsic volcanic rocks of the Hooggenoeg Formation of the
southern BGBT investigated by Kröner et al. (2013); (Fig. 15c),
and that they do not overlap with most Ngwane Gneiss samples,
which were dated at 3.46 Ga (Hoffmann et al., 2016).
The age distribution in the Group II sample DW1437 is more
diverse than in the Group I samples. It ranges from 3.535–
3.220 Ga and reveals four age clusters at 3.53–3.51, 3.46–3.40 Ga,
3.295 Ga and 3.245 Ga. This implies that during their deposition
at least two different sources were sampled or reworked: (i)
Palaeoarchaean basement (Ngwane and Tsawela gneisses) and/or
Group I (meta)sedimentary-volcaniclastic rocks containing 3.53–
3.41 Ga detrital zircon grains, and (ii) younger basement units,
which have been affected by magmatic events at ca. 3.33 Ga and
3.25 Ga. Sources for these younger detrital zircon could have been
granitoid rocks of the AGCT (from the Pigg’s Peak, Manzini, Usutu
River, and Nhlangano areas), which yield ages of 3.33 Ga (Zeh
et al., 2011), 3.28–3.22 Ga, and 3.21–3.19 Ga (Schoene et al.,
2008; Schoene and Bowring, 2010; Zeh et al., 2011). An important
observation is that the age spectrum and Hf isotope signatures for
sample DW1437 are similar to the detrital zircon populations in
Fig Tree Group greywacke and Moodies Group quartzarenite of
the BGBT, showing age clusters at mainly 3.53–3.51, 3.47–3.46,
3.30–3.28 and 3.22–3.19⁄ Ga (⁄only Moodies), and minor clusters
at 3.65 Ga and 3.36–3.33 Ga (Zeh et al., 2013). Zeh et al. (2013) suggested that this detritus was supplied mainly from sources located
south of the Barberton Mountain Land, comprising the AGCT, Stolzburg and Steyndorp terrranes (Fig. 1).
A comparable source is suggested for sample DW1437 and the
similarity to the detrital zircon populations in Fig Tree Group greywacke and Moodies Group quartzarenite from Zeh et al. (2013)
implies that deposition of the DSS Group II sediments succession
occurred at <3.23 Ga, during or after accretion of the AGCT with
the BGBT.
Zircon data, presented by Taylor et al. (2016), from granulitefacies paragneisses of the Luboya-Kubuta river area, located ca.
40 km west of the DSS in Swaziland, show a similar depositional
age as the DSS Group II and the Moodies Group sediments, i.e.,
between 3.22 and >3.16 Ga. However, their U–Pb zircon age spectrum is more complex than that of the DSS rocks, characterized by
major peaks at 3.32, 3.28 and 3.24 Ga (90% of data), and only minor
peaks between 3.53 and 3.46 Ga. Furthermore, zircon grains with
ages between 3.33 and 3.20 Ga show superchondrictic eHft values
compared to sample DW1437, Fig Tree and the Moodies Group
sediments, indicating that the detritus of these sediments was
derived from a more juvenile terrane. Such terrane could perhaps
be presented by a primitive island arc, which according to Taylor
et al. (2016) became accreted to the AGCT between 3.22 and
>3.16 Ga.
In summary, the zircon age spectra reveal that the two groups
of metasedimentary rocks of the DSS were supplied mostly from
local sources (Ngwane gneisses 3.55–3.46 Ga, Tsawela gneisses
3.48–3.43 Ga, Nhlangano and Mahamba gneisses 3.28–3.24 Ga
and Usutu gneisses 3.23–3.22 Ga). It is evident that the metasediments were sourced from at least two different sources 200 Ma in
age apart.
5.3. Timing and nature of metamorphic events
The data presented above show that the DSS underwent at least
three metamorphic events, at 3.23 Ga, 3.15 Ga and at 2.99 Ga. The
metamorphic event at ca. 3.23 Ga in the Dwalile rocks is ambiguous, and only recorded by a few recrystallised zircon grains and
rims in samples DW5, DW1408, and perhaps DW1437. The zircon
grains of amphibole and mafic schists (DW1414 and DW1422)
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Fig. 15. Compilation of Hf isotope data from magmatic zircon of samples DW1417 and DW1424 and detrital zircon of samples DW5, DW1408 and DW1438. This data is
compared with Hf isotope data obtained from magmatic zircons from TTGs of the AGC, volcanic rocks from the Hooggenoeg Formation and detrital zircons from the Group I
Luboya-Kubuta granulites (data from Zeh et al., 2011; Kröner et al., 2013, 2014; Hoffmann et al., 2016; Taylor et al., 2016). 176Lu/177Hf = 0.0113, value for average present-day
continental crust. CHUR, chondritic uniform reservoir; DM, depleted mantle.

record a metamorphic overprint under amphibolite-facies conditions, i.e., in the presence of an aqueous fluid phase. This interpretation is supported by low Th/U ratios, identical ages within error
and similar 176Hf/177Hft ratios of most grains (Fig. 14a and b), as
well as by their commonly round shape and somewhat diffuse sector zoning (Fig. 13a and b). All these features are very similar to
such found for metamorphic zircon grains in amphibolite-facies
schists from e.g. the Shackleton Range (Antarctica) and the Limpopo Belt (South Africa) (for details see Zeh et al., 2010b; Zeh
and Gerdes, 2014). It is interesting to note that the majority of
the metamorphic zircon grains yield Hf model ages that are similar
to the detrital (magmatic) zircon grains in other Dwalile samples
(Fig. 14a). This provides evidence that the Hf (and Zr) of the metamorphic zircon grains were derived mostly by the dissolution of
older magmatic or detrital grains.
Metamorphic zircons of samples DW1408 (garnet-bearing
schist) and DW1348 (Opx-Crd bearing schist with symplectite after
garnet) provide evidence for a granulite-facies metamorphic overprint at ca. 2.99 Ga (sample DW1438: 2.996 ± 0.002 Ga, n = 78;
DW1408: 2.985 ± 0.005 Ga, n = 10). These ages were obtained
mostly from ‘‘soccer-ball” shaped zircon grains, showing a typical
sector zoning, and always higher 176Hf/177Hft than the detrital zircon grains (Fig. 10a–d). These features indicate that the metamorphic grains crystallised at 2.99 Ga, and do not result from alteration
of older grains. ‘‘The soccer-ball” shape, and the internal sector
zoning of the zircon grains are similar to zircons from other
high- to ultrahigh-temperature terrains, which are commonly
interpreted to reflect zircon crystallisation from partial melts
(e.g., Vavra et al., 1996; Kelly and Harley, 2005). New zircon growth
from a melt phase is also in agreement with the presence of melt
inclusions observed in garnet and hercynite grains, and the relatively high Th/U ratios of the metamorphic zircon grains/domains
(0.54–0.28 and 0.41–0.14, respectively). The significantly higher
176
Hf/177Hf of the metamorphic grains compared to the detrital
zircon grains (ca. 3 epsilon units difference; Fig. 10a–d) point to

Hf-isotope fractionation which was caused, most likely, by (i)
incomplete dissolution of detrital zircon grains (hosting most of
the unradiogenic Hf), and (ii) uptake of radiogenic ‘‘matrix
hafnium” during metamorphic zircon (over)growth (Gerdes and
Zeh, 2009). Assuming a closed system behaviour, the somewhat
larger difference between detrital and metamorphic zircon in sample DW1438 compared to DW1408, might reflect a lower degree of
detrital zircon dissolution, or a slightly higher 176Lu/177Hf wholerock ratio (perhaps caused by the breakdown of garnet). This
causes a larger increase of radiogenic ‘‘matrix hafnium” in the system before the formation of new metamorphic zircon. The slight
difference in age for samples DW1408 (2.985 ± 0.005 Ga) and
DW1438 (2.996 ± 0.002 Ga) perhaps reflects zircon crystallisation
at different times during the granulite-facies metamorphic overprint. This conclusion is supported by results of previous studies,
demonstrating that zircon may crystallise at various times from a
partial melt during peak- to post-peak cooling, depending on the
H2O content, the residence time at these conditions and the composition of the host rock with which the melt interacts (Harley,
2004; Harley et al., 2007). Detrital zircon grains in the samples
DW1408 and DW1348 became apparently affected by alteration,
causing a variable degree of Pb-loss at ca. 2990 Ma. This is supported by CL-images revealing convulsion patterns, and diffuse
oscillatory zoning (Fig. 8a and b) as well as alteration fronts and
‘‘resorbed” cores, pointing to fluid-controlled zircon alteration
(Corfu et al., 2003; Geisler et al., 2007; Harley et al., 2007;
Gerdes and Zeh, 2009). Alteration is also indicated by the alignment of nearly all detrital grains along horizontal arrays in
176
Hf/177Hft vs. age diagrams (Fig. 10a and c), in agreement with
the finding of many previous studies (e.g., Gerdes and Zeh, 2009;
Zeh et al., 2009).
In summary, our data are conform with a model suggesting that
metamorphic zircon in both granulite-facies rocks formed by partial dissolution of detrital grains in a melt phase, followed by Hf
isotope homogenization (Fig. 10a–d, Table 2), and precipitation of
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new metamorphic grains during protracted melt crystallisation.
Apart from new zircon growth, high-temperature metamorphism
at ca. 2.99 Ga also caused partial Pb-loss of many detrital zircon
grains (Fig. 9a and b). This Pb-loss might have been caused either
by recrystallisation of metamict domains and/or by dissolution/
re-precipitation (Geisler et al., 2007). Pb-loss by recrystallisation
of metamict domains most likely also affected sample DW1437,
although at smaller scale.
5.4. Crustal evolution and amalgamation of AGCT with BGGT
Our new U-Th-Pb and Lu-Hf isotope zircon data and petrographic observations for a variety of metasedimentary and
metavolcanic rocks of the DSS provide new insights into the crustal
evolution of the AGCT. They reveal that, at ca. 3.46 Ga, the AGCT
was affected by a phase of relatively juvenile felsic to intermediate
volcanism, contemporaneous with the intrusion of the Tsawela
Gneiss calc-alkaline plutonic suite (3.48–3.43 Ga), having a similar
initial Hf isotope composition (Zeh et al., 2011; Hoffmann et al.,
2016). Based on geochemical data, the Tsawela Gneiss Suite is
interpreted to result either from magma-mixing involving juvenile,
mantle-derived tholeiitic melts and partial melts of the 3.50 Ga
Ngwane gneiss, or from fractional crystallisation of a hydrous
intermediate magma (Hoffmann et al., 2016).
Following igneous activity, the ACGT was overlain by siliciclastic sedimentary or volcanic rocks during at least two different periods, designated here as older Group I and younger Group II
sedimentary rocks. Sedimentary rocks of Group I have a maximum
depositional age of 3.40 Ga, coinciding with deposition of the
Hooggenoeg, Kromberg and Noisy Formations of the BGBT, but
somewhat younger than the maximum depositional age of
3.43 Ga proposed for the Luboya-Kubuta Group I metasedimentary
rocks (Taylor et al., 2016). A genetic link between the DSS and the
Onverwacht Group has been suggested based on similar major and
trace element chemistry of the metavolcanic rocks of both units
(Kröner and Tegtmeyer, 1994; and references therein). However,
the Hf isotope data of zircon grains of felsic volcanic rocks of the
DSS (this study) and from the Hooggenoeg Formation of the Onverwacht Group (Kröner et al., 2013) show clear differences (Fig. 15c),
suggesting that the Hooggenoeg volcanics were derived from (or
admixed by) a more crustal source at ca. 3.45 Ga.
Group II sedimentary rocks of the DSS were deposited at
<3.23 Ga, nearly synchronous with the Fig Tree Group and possibly
as young as the Moodies Group of the BGBT (Heubeck et al., 2013).
Overlapping age spectra and Hf isotope signatures of detrital zircons in DSS Group II with the Fig Tree greywacke and Moodies
quartzarenite (see Fig. 16) suggest that the sedimentary rocks of
both groups were supplied from a similar source. The Moodies
Group was deposited into several isolated basins (Heubeck and
Lowe, 1994; Heubeck et al., 2016) and the sedimentation was a
direct response to the ca. 3.230–3.225 Ga (de Ronde and Kamo,
2000) accretion along a convergent plate boundary (de Wit et al.,
1992; Lowe, 1994; Kröner et al., 1996). Therefore we suggest that
the DSS Group II sediments were deposited during or after accretion of the AGCT with the BGBT. This is in agreement with the geodynamic models of Schoene et al. (2008) and Taylor et al. (2012,
2016).
The Group II metasedimentary rocks from the high-grade
Luboya-Kubuta Terrane have a similar depositional age as the
Group II DSS rocks, but were derived from a more juvenile source
terrane, with virtually no input from nearby Palaeoarchaean AGC
crust (Taylor et al., 2016). Taylor et al. (2016) argue that this terrane became accreted onto the SE margin of the proto-Kaapvaal
Craton during terrane accretion between 3.23 and 3.16 Ga.
The ca. 3.150 Ga metamorphic event pre-dates the intrusion of
the 3.14–3.10 Ga Mpuluzi and Pigg’s Peak Batholiths which overlie

Fig. 16. Compilation of Hf isotope data for sample DW1437 and published data for
the Fig Tree greywacke and Moodies quartzarenite (Zeh et al., 2013) and Group II
Luboya-Kubuta granulites (Taylor et al., 2016).

most of the contact zone between the AGCT and the BGBT.
During this event, rocks of the DSS underwent a Barrovian-type
metamorphic overprint, as is indicated by hornblende-,
garnet- and staurolite-bearing assemblages. Metamorphism
perhaps was caused by ongoing NW-ward subduction beneath
the proto-Kaapvaal Craton, that ceased by amalgamation of the
Luboya-Kubuta Terrane, which became affected by a high-grade
metamorphic overprint at ca. 3.11–3.07 Ga (Taylor et al., 2012,
2016).
Formation of the low-P granulites at 2.995–2.985 Ga is related
to Pongola basin rifting. This rifting caused mantle upwelling,
and intrusion of hot, mantle-derived melts into the overlying
thinned crust, as is documented by the ca. 2.98 Ga mafic to intermediate rocks of the Usushwana Complex (Gumsley et al., 2015).
We would like to point out that only a few rocks of the DSS provide
evidence for this high-grade metamorphism event. This can be
explained either by a local heat source, which is unconstrained
by field observations, or by tectonic juxtapostion of the 2.99 Ga
granulite-facies and the 3.15 Ga amphibolite-facies rocks after
2.99 Ga. The garnet replacement textures in granulite sample
DW1438 indicate high-temperature metamorphism during
decompression due to crustal thinning and thus support the second scenario. Restriction of the granulite-facies overprint to a
few Dwalile rocks hint that the different DSS units became juxtaposed tectonically after this event.
6. Conclusions
(1) The Dwalile Supracrustal Suite hosts metavolcanic (3.46 Ga)
and metasedimentary rocks which were deposited during
two different periods, during the early Palaeoarchaean
(3.46–3.40 Ga, Group I) and late the Palaeoarchaean
(<3.23 Ga, Group II). The rocks were affected by different
metamorphic grades at 3.23 Ga, 3.15 Ga and 2.99 Ga.
(2) Felsic to intermediate volcanism at ca. 3.46 Ga, were most
likely sourced from the same magma as the nearby Tsawela
Gneisses, and the detritus of the Group I metasedimentary
rocks was supplied mainly from surrounding Ngwane
(3.55–3.51 Ga) and Tsawela (3.45 Ga) gneisses and/or their
volcanic equivalents, having Hf model ages up to 3.7 Ga.
(3) The Palaeoarchaean volcanic and metasedimentary rocks
(Group I) of the DSS were coeval with the komatiitic basalts
to dacitic volcanics and minor epiclastic strata of the
Kromberg, Hooggenoeg and Noisy Formations of the BGGT,
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but the DSS rocks show a more juvenile character. This
points to a similar depositional environment but the volcanic rocks do not share a common magmatic source.
(4) Late Palaeoarchaean sediments (Group II) of the DSS
(<3.23 Ga) show similar U-Pb detrital zircon age spectra
and Hf isotope signature as the Fig Tree Group and possible
the Moodies Group sediments in the BGB, suggesting a similar provenance and deposition during or after the amalgamation of the BGBT and the AGCT at ca. 3.23 Ga.
(5) The 3.23 Ga metamorphic event in the DSS is cryptic, and
correlates with the last major magmatic-metamorphic overprint in the BGBT, whereas the two younger events are
restricted to the AGCT.
(6) Amphibolite-facies metamorphism at 3.15 Ga may be
related to subduction-amalgamation of the southern protoKaapvaal Craton with the Luboya-Kubuta Terrane terrane,
and the 2.99 Ga low-P granulite metamorphism to rifting
of the Pongola Basin, accompanied by mantle upwelling
causing mafic magmatism and enormous crustal heating.

Acknowledgements
This work was funded by an Innovation Postdoctoral Fellowship
granted to VvS by the South African National Research Foundation.
GS acknowledges support from the National Research Foundation,
South African via the SARChI initiative. C. Heubeck and A. Dziggel
are gratefully acknowledged for their critical and constructive
reviews. VvS thanks Leo Alkmin, Kathryn Cutts and Marilane Gonzaga for their field assistance. The staff of the CAF unit in Stellenbosch and Ana Ramalho Alkmim in Ouro Preto are thanked for
their help with the analyses.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.precamres.2017.
04.025.
References
Anhaeusser, C.R., Robb, L.J., 1983. Geological and geochemical characteristics of the
Heerenveen and Mpuluzi batholiths south of the Barberton greenstone belt and
preliminary thoughts on their petrogenesis. In: Anhaeusser, C.R. (Ed.),
Contributions to the Geology of the Barberton Mountain Land, 9. Geological
Society of South Africa Special Publication, pp. 131–151.
Barton Jr., J.M., Robb, L.J., Anhaeusser, C.R., Van Nierop, D.A., 1983. Geochronologic
and Sr-isotopic studies of certain units in the Barberton granite-greenstone
terrane, South Africa. In: Anhaeusser, C.R. (Ed.), Contributions to the Geology of
the Barberton Mountain Land, 9. Geological Society of South Africa Special
Publication, pp. 63–72.
Belcher, R.W., Kisters, A.F.M., 2006a. Syntectonic emplacement and deformation of
the Heerenveen batholith: Conjectures on the structural setting of the 3.1 Ga
granite magmatism in the Barberton granite-greenstone terrain. South Africa.
In: Reimold, W.U., Gibson, R.L. (Eds.), Processes on the Early Earth, 405.
Geological Society of America, Special Publication, pp. 211–231.
Belcher, R.W., Kisters, A.F.M., 2006b. Progressive adjustments of ascent and
emplacement controls during the incremental construction of the 3.1 Ga
Heerenveen batholith, South Africa. J. Struct. Geol. 28, 1406–1421.
Cabral, A.R., Zeh, A., Koglin, N., Gomes Jr., A.A.S., Viana, D.J., Lehmann, B., 2012.
Dating the Itabira iron formation, Quadrilátero Ferrífero of Minas Gerais,
Brazil, at 2.65 Ga: depositional U-Pb age of zircon from a metavolcanic
layer. Precambr. Res. 204, 40–45. http://dx.doi.org/10.1016/j.precamres.2012.
02.006.
Clemens, J.D., Belcher, R.W., Kisters, A.F.M., 2010. The Heerenveen batholith,
Barberton Mountain Land, South Africa: mesoarchaean, potassic, felsic magmas
formed by melting of an ancient subduction complex. J. Petrol. 51, 1099–1120.
http://dx.doi.org/10.1093/petrology/egq014.
Cloete, M., 1991. An overview of metamorphism in the Barberton greenstone belt.
In: Ashwal, L.D. (Ed.), Two Cratons and an Orogen—Excursion Guidebook and
Review Articles for a Field Workshop Through Selected Archaean Terranes of
Swaziland, South Africa and Zimbabwe, IGCP Project 280. Department of
Geology, University of Witwatersrand, Johannesburg, pp. 85–98.

Cloete, M., 1999. Aspects of volcanism and metamorphism of the Onverwacht
Group lavas in the southwestern portion of the Barberton greenstone belt.
Geological Survey of South Africa Memoir 84, 232 p.
Compston, W., Kroner, A., 1988. Multiple zircon growth within early Archaean
tonalitic gneiss from the Ancient Gneiss Complex, Swaziland. Earth Planet. Sci.
Lett. 87, 13–28.
Corfu, F., Hanchar, J.M., Hoskin, P.W.O., Kinny, P., 2003. Atlas of zircon textures. In:
Hanchar, J.M., Hoskin, P.W.O. (Eds.), Reviews in Mineralogy and Geochemistry,
53. Mineral Society of America, pp. 469–500.
Cutts, K.A., Stevens, G., Hoffmann, J.E., Buick, I.S., Frei, D., Münker, C., 2013. Paleo- to
Mesoarchean polymetamorphism in the Barberton Granite-Greenstone Belt,
South Africa: Constraints from U-Pb monazite and Lu-Hf garnet geochronology
on the tectonic processes that shaped the belt. Geol. Soc. Am. Bull. 126, 251–
270.
Cutts, K., Stevens, G., Kisters, A.F.M., 2015. Reply to ‘‘Paleo- to Measoarchean
polymetamorphism in the Barberton granite-greenstone belt, South Africa:
Constraints from U-Pb monazite and Lu-Hf garnet geochronology on tectonic
processes that shaped the belt: Discussion” by M. Brown. Geol. Soc. Am. Bull.
127, 1558–1563.
De Ronde, C.E.J., De Wit, M.J., 1994. Tectonic history of the Barberton greenstone
belt, South Africa: 490 million years of Archaean crustal evolution. Tectonics 13,
983–1005.
De Ronde, C.E.J., Kamo, S.L., 2000. An Archean arc-arc collisional event: a short-lived
(ca. 3 Myr) episode, Weltevreden area, Barberton greenstone belt, South Africa.
J. Afr. Earth Sc. 30, 219–248.
De Wit, M., Armstrong, R.A., Hart, R.J., Wilson, A.H., 1987. Felsic igneous rocks with
in the 3.3–3.5 Ga Barberton Greenstone Belt: high crustal level equivalents of
the surrounding Tonalite-Trondhjemite terrain, emplaced during thrusting.
Tectonics 6, 529–549.
De Wit, M.J., Roering, C., Hart, R.J., Armstrong, R.A., De Ronde, C.E.J., Green, R.W.E.,
Tredoux, M., Peberdy, E., Hart, R.A., 1992. Formation of an Archaean continent.
Nature 357, 553–562.
Decker, N.B., Byerly, G.R., Thompson Stiegler, M., Lowe, D.R., Stefurak, E., 2015. High
resolution tephra and U/Pb chronology of the 3.33–3.26 Ga Mendon Formation,
Barberton Greenstone Belt, South Africa. Precambrian Res. 261, 54–74. http://
dx.doi.org/10.1016/j.precamres.2015.02.003.
Diener, J.F.A., Stevens, G., Kisters, A.F.M., Poujol, M., 2005. Geotectonic evolution of the
Tjakastad Schist belt, Barberton greenstone belt, South Africa: a record of midArchaean metamorphism and terrain exhumation. Precambr. Res. 143, 87–112.
Dziggel, A., Stevens, G., Poujol, M., Anhaeusser, C.R., Armstrong, R.A., 2002.
Metamorphism of the granite-greenstone terrane south of the Barberton
greenstone belt, South Africa: an insight into the tectono-thermal evolution
of the ‘lower’ portions of the Onverwacht Group. Precambr. Res. 114, 221–247.
Dziggel, A., Armstrong, R.A., Stevens, G., Nasdala, L., 2005. Growth of zircon and
titanite during metamorphism in the granitoid-gneiss terrane south of the
Barberton greenstone belt, South Africa. Mineral. Mag. 69, 1019–1036. http://
dx.doi.org/10.1180/0026461056960305.
Dziggel, A., Knipfer, S., Kisters, A.F.M., Meyer, F.M., 2006. P-T and structural
evolution during exhumation of high-T, medium-P basement rocks in the
Barberton Mountain Land, South Africa. J. Metamorph. Geol. 24, 535–551.
Dziggel, A., Poujol, M., Otto, A., Kisters, A.F.M., Trieloff, M., Schwarz, W.H., Meyer, F.
M., 2010. New U-Pb and 40Ar/39Ar ages from the northern margin of the
Barberton greenstone belt, South Africa: Implications for the formation of
Mesoarchaean gold deposits. Precambr. Res. 179, 206–220.
Farber, K., Dziggel, A., Trumbull, R.B., Meyer, F.M., Wiedenbeck, M., 2015.
Tourmaline B-isotopes as tracers of fluid sources in silified Palaeoarchaean
oceanic crust of the Mendon Formation, Barberton greenstone belt, South
Africa. Chem. Geol. 417, 134–147.
Frei, D., Gerdes, A., 2009. Precise and accurate in situ U-Pb dating of zircon with high
sample throughput by automated LA-SF-ICP-MS. Chem. Geol. 261, 261–270.
Furnes, H., de Wit, M., Robins, B., 2013. A review of new interpretations of the
tectonostratigraphy, geochemistry and evolution of the Onverwacht Suite,
Barberton Greenstone Belt, South Africa. Gondwana Res. 23, 403–428.
Geisler, T., Schaltegger, U., Tomaschek, F., 2007. Re-equilibration of zircon in
aqueous fluids and melts. Elements 3, 43–50.
Gerdes, A., Zeh, A., 2006. Combined U-Pb and Hf isotope LA-(MC)ICP-MS analyses of
detrital zircons: comparison with SHRIMP and new constraints for the
provenance and age of an Armorican metasediment in Central Germany.
Earth Planet. Sci. Lett. 249, 47–61.
Gerdes, A., Zeh, A., 2009. Zircon formation versus zircon alteration—new insights
from combined U-Pb and Lu–Hf in-situ LA-ICP-MS analyses, and consequences
for the interpretation of Archaean zircon from the Central Zone of the Limpopo
Belt. Chem. Geol. 261, 230–243.
Grosch, E.G., Košler, J., McLoughlin, N., Drost, K., Sláma, J., Pedersen, B., 2011.
Paleoarchean detrital zircon ages from the earliest tectonic basin in the
Barberton Greenstone Belt, Kaapvaal craton, South Africa. Precambr. Res. 191,
85–99.
Grosch, E.G., Vidal, O., Abu-Alam, T., McLoughlin, N., 2012. P-T constraints on the
metamorphic evolution of the paleoarchean kromberg type-section, barberton
greenstone Belt, South Africa. J. Petrol. 53, 513–545. http://dx.doi.org/10.1093/
petrology/egr070.
Gumsley, A., Olsson, J., Söderlund, J., de Kock, M., Hofmann, A., Klausen, M., 2015.
Precise U-Pb baddeleyite age dating of the Usushwana Complex, southern Africa
– Implications for the Mesoarchaean magmatic and sedimentological evolution
of the Pongola Supergroup, Kaapvaal Craton. Precambr. Res. 267, 174–185.
http://dx.doi.org/10.1016/j.precamres.2015.06.010.

V. van Schijndel et al. / Precambrian Research 295 (2017) 48–66
Harley, S.L., 2004. Extending our understanding of ultrahigh temperature crustal
metamorphism. J. Mineral. Petrol. Sci. 99, 140–158.
Harley, S.L., Kelly, N.M., Möller, A., 2007. Zircon behaviour and the thermal histories
of mountain chains. Elements 3, 25–30.
Hegner, E., Kröner, A., Hofmann, A.W., 1984. Age and isotope geochemistry of the
archean pongola and usushwana suites in swaziland, southern Africa – a case
for Crustal Contamination of Mantle-Derived Magma. Earth Planet. Sci. Lett. 70,
267–279.
Hegner, E., Kröner, A., Hunt, P., 1994. A precise U-Pb zircon age for the Archaean
Pongola Supergroup volcanics in Swaziland. J. Afr. Earth Sc. 18, 339–341.
Heubeck, C., Bläsing, S., Drabon, N., Grund, M., Homann, M., Nabhan, S., 2016.
Geological constraints on Archean (3.22 Ga) coastal-zone processes from the
Dycedale Syncline, Barberton Greenstone Belt. S. Afr. J. Geol. 119, 495–518.
Heubeck, C., Lowe, D.R., 1994. Depositional and tectonic setting of the Archean
Moodies Group, Barberton Greenstone Belt, South Africa. Precambr. Res. 68,
257–290.
Heubeck, C., Engelhardt, J., Byerly, G.R., Zeh, A., Sell, B., Luber, T., Lowe, D.R., 2013.
Timing of deposition and deformation of the Moodies Group (Barberton
Greenstone Belt, South Africa): very-high-resolution of Archaean surface
processes. Precambr. Res. 231, 236–262.
Hoffmann, J.E., Kröner, A., Hegner, E., Viehmann, S., Xie, H., Iiacheri, L.M., Schneider,
K.P., Hofmann, A., Wong, J., Geng, H., Yang, J.H., 2016. Source composition,
fractional crystallization and magma mixing processes in the 3.48–3.43 Ga
Tsawela tonalite suite (Ancient Gneiss Complex, Swaziland) – implications for
Paleoarchaean geodynamics. Precambr. Res. 276, 43–66.
Hunter, D.R., 1970. The ancient gneiss complex in Swaziland. Trans. Geol. Soc. South
Africa 73, 107–150.
Hunter, D.R., 1974. Crustal development in the Kaapvaal craton. The Archaean.
Precambr. Res. 1, 259–294.
Hunter, D.R., 1991. The Ancient Gneiss Complex. In: Kröner, A. (Ed.), The Ancient
Gneiss Complex: Overview Papers and Guidebook for Excursion. Swaziland
Geological Survey Bulletin No. 11, pp. 1–14.
Hunter, D.R., Barker, F., Millard, H.T., 1978. The geochemical nature of the Archaean
ancient gneiss complex and granodiorite suite, Swaziland: a preliminary study.
Precambr. Res. 7, 105–127.
Jackson, M.P.A., 1979. High-strain deformation of the Ancient Gneiss Complex in the
Manka-yane area, Swaziland-a preliminary account. Geological Society of South
Africa, 18th Congress Abstract 1, pp. 210–216.
Jackson, M.P.A., 1984. Archaean structural styles in the Ancient Gneiss Complex of
Swaziland, southern Africa. In: Kröner, A., Greiling, R. (Eds.), Precambrian
Tectonics Illustrated. Schweizerbart, Stuttgart, pp. 1–18.
Kamo, S.L., Davis, D.W., 1994. Reassessment of Archaean crustal development in the
Barberton Mountain Land, South-Africa, based on U-Pb dating. Tectonics 13,
167–192.
Kelly, N.M., Harley, S.L., 2005. An integrated textural and chemical approach to
zircon geochronology: refining the Archaean history of the Napier Complex,
east Antarctica. Contrib. Miner. Petrol. 149, 57–84.
Kisters, A.F.M., Stevens, G., Dziggel, A., Armstrong, R.A., 2003. Extensional
detachment faulting and core-complex formation in the southern Barberton
granite–greenstone terrain, South Africa: evidence for a 3.2 Ga
orogeniccollapse. Precambr. Res. 127, 355–378.
Kisters, A.F.M., Belcher, R.W., Poujol, M., Dziggel, A., 2010. Continental growth and
convergence-related arc plutonism in the Mesoarchaean: Evidence from the
Barberton granitoid-greenstone terrain, South Africa. Precambr. Res. 178, 15–
26.
Koglin, N., Zeh, A., Cabral, A.R., Gomes Jr., A.A.S., Netoe, A.V.C., Brunetto, W.J.,
Galbiatti, H., 2014. Depositional age and sediment source of the auriferous
Moeda Formation, Quadrilátero Ferrífero of Minas Gerais, Brazil: New
constraints from U–Pb–Hf isotopes in zircon and xenotime. Precambr. Res.
255, 96–108. http://dx.doi.org/10.1016/j.precamres.2014.09.010.
Kröner, A., 2007. The Ancient Gneiss Complex of Swaziland and environs: record of
early Archaean crustal evolution in southern Africa. In: van Kranendonk, M.J.,
Smithies, R.H., Bennett, V.C. (Eds.), Earth’s Oldest Rocks. Elsevier, Amsterdam,
pp. 465–480.
Kröner, A., Tegtmeyer, A., 1994. Gneiss-greenstone relationships in the Ancient
Gneiss Complex of southwestern Swaziland, southern Africa, and implications
for early crustal evolution. Precambr. Res. 67, 109–139.
Kröner, A., Compston, W., Williams, I.S., 1989. Growth of early Archaean crust in the
Ancient Gneiss Complex of Swaziland as revealed by single zircon dating.
Tectonophysics 161, 271–298.
Kröner, A., Wendt, J.I., Milisenda, C.C., Compston, W., Maphalala, R., 1993. Zircon
geochronology and Nd isotopic systematic of the Ancient Gneiss Complex,
Swaziland, and implications for crustal evolution. In: Kröner, A. (Ed.), The
Ancient Gneiss Complex: Overview Papers and Guidebook for Excursion.
Swaziland Geological Survey and Mines Department, Bulletin 11, pp. 15–37.
Kröner, A., Hegner, E., Wendt, J.I., Byerly, G.R., 1996. The oldest part of the Barberton
granitoid-greenstone terrain, South Africa: evidence for crust formation
between 3.5 and 3.7 Ga. Precambr. Res. 78, 105–124.
Kröner, A., Hoffmann, J.E., Xie, H., Wu, F., Münker, C., Hegner, E., Wong, J., Wan, Y.,
Liu, D., 2013. Generation of early Archaean felsic greenstone volcanic rocks
through crustal melting in the Kaapvaal, Craton, Southern Africa. Earth Planet.
Sci. Lett. 381, 188–197.
Kröner, A., Hoffmann, J.E., Xie, H., Münker, C., Hegner, E., Wan, Y., Hofmann, A., Liu,
D., Yang, J., 2014. Generation of early Archaean grey gneisses through melting of
older crust in the eastern Kaapvaal Craton, Southern Africa. Precambr. Res. 255,
823–846.

65

Lana, C., Buick, I., Stevens, G., Rossouw, R., De Wet, W., 2011. 3230–3200 Ma
post-orogenic extension and mid-crustal magmatism along the southeastern
margin of the Barberton Greenstone Belt, South Africa. J. Struct. Geol. 33,
844–858.
Layer, P.W., Kroner, A., Mcwilliams, M., Burghele, A., 1988. Paleomagnetism and age
of the Archean Usushwana Complex, Southern-Africa. J. Geophys. Res.-Solid
Earth Planets 93, 449–457.
Lowe, D.R., 1994. Accretionary history of the Archean Barberton greenstone belt
(3.55–3.22 Ga): Southern Africa. Geology 22, 1099–1102.
Lowe, D.R., Byerly, G.R., 1999. Stratigraphy of the west-central part of the Barberton
Greenstone Belt, South Africa. In: Lowe, D.R., Byerly, G.R. (Eds.), Geological
evolution of the Barberton Greenstone Belt, South Africa, 329. Geological
Society of America, pp. 1–36. Special Papers.
Lowe, D.R., Byerly, G.R., 2007. An overview of the geology of the Barberton
Greenstone Belt and vicinity: implications for early crustal development. In:
Van Kranendonk, M., Smithies, R.H., Bennett, V.C. (Eds.), Earth’s Oldest Rocks.
Elsevier, Amsterdam, pp. 481–526.
Ludwig, K.R., 2003. Isoplot/EX version 3.0. A geochronological toolkit for Microsoft
Excel: Berkeley Geochronology Center Special Publication.
Moyen, J.-F., Stevens, G., Kisters, A.F.M., 2006. Record of mid-Archaean subduction
from metamorphism in the Barberton terrane, South Africa. Nature 442, 559–
562.
Moyen, J.-F., Stevens, G., Kisters, A.F.M., Belcher, R.W., 2007. TTG plutons of the
Barberton granitoid greenstone terrain, South Africa. In: van Kranendonk, M.J.,
Smithies, R.H., Bennett, V.C. (Eds.), Earth’s Oldest Rocks. Elsevier, Amsterdam,
pp. 607–667.
Mukasa, S.B., Wilson, A.H., Young, K.R., 2013. Geochronological constraints on the
magmatic and tectonic development of the Pongola Supergroup (Centra
lRegion), South Africa. Precambr. Res. 224, 268–286.
Schoene, B., Bowring, S.A., 2007. Determining accurate temperature-time paths
from U-Pb thermochronology: an example from the SE Kaapvaal Craton,
Southern Africa. Geochim. Cosmochim. Acta 71, 165–185.
Schoene, B., Bowring, S.A., 2010. Rates and mechanisms of Mesoarchaean magmatic
arc construction, eastern Kaapvaal Craton, Swaziland. Geol. Soc. Am. Bull. 122,
408–429.
Schoene, B., De Wit, M.J., Bowring, S.A., 2008. Mesoarchaean assembly and
stabilization of the eastern Kaapvaal Craton: a structural-thermochronological
perspective. Tectonics 27, TC5010. http://dx.doi.org/10.1029/2008TC002267.
Schoene, B., Dudas, F.O.L., Bowring, S.A., De Wit, M., 2009. Sm–Nd isotopic mapping
of lithospheric growth and stabilization in the eastern Kaapvaal craton. Terra
Nova 21, 219–228. http://dx.doi.org/10.1111/j.1365-3121.2009.00877.x.
Sircombe, K.N., 2004. AgeDisplay: an Excel workbook to evaluate and display
univariant geochronological data using binned frequency histograms and
probability density distributions. Comput. Geosci. 30, 21–31.
Suhr, N., Hoffmann, J.E., Kröner, A., Schröder, S., 2015. Archaean granulite-facies
paragneisses from central Swaziland: inferences on Palaeoarchaean crustal
reworking and a complex metamorphic history. J. Geol. Soc. 172, 139–152.
Taylor, J., Stevens, G., Buick, I.S., Lana, C., 2012. Successive midcrustal, high-grade
metamorphic events provide insight into Mid-Archean mountain-building
along the SE margin of the proto- Kaapvaal Craton. Geol. Soc. Am. Bull. 124,
1191–1211.
Taylor, J., Zeh, A., Gerdes, A., 2016. U-Pb-Hf isotope systematics of detrital zircons in
high-grade paragneisses of the Ancient Gneiss Complex, Swaziland: Evidence
for two periods of juvenile crust formation, Paleo- and Mesoarchaean sediment
deposition, and 3.23 Ga terrane accretion. Precambr. Res. 280, 205–220.
Tegtmeyer, A.R., 1989. Geochronologie und Geochemie im Prakambrium des
siidlichen Afrika. Unpubl. Doctoral dissertation, Universität Mainz, 270 pp.
Van Kranendonk, M.J., 2011. Onset of plate tectonics. Science 333, 413–414. http://
dx.doi.org/10.1126/science.1208766.
Van Kranendonk, M.J., Kröner, A., Hoffmann, J.E., Nagel, T.J., Anhaeusser, C.R., 2014a.
Just another drip: structural analysis of a proposed Mesoarchean suture
fromthe Barberton Mountain Land, South Africa. Precambr. Res. 254, 19–35.
Van Kranendonk, M.J., Smithies, R.H., Griffin, W.L., Huston, D.L., Hickman, A.H.,
Champion, D.C., Anhaeusser, C.R., Pirajno, F., 2014b. Making it thick: a volcanic
plateauorigin of Palaeoarchean continental lithosphere of the Pilbara and
Kaapvaalcratons. J. Geol. Soc. London, Special Publications 389. http://dx.doi.
org/10.1144/SP389.12.
Vavra, G., Gebauer, D., Schmid, R., Compston, W., 1996. Multiple zircon growth and
recrystallization during polyphase Late Carboniferous to Triassic
metamorphism in granulites of the Ivrea Zone (Southern Alps): an ion
microprobe (SHRIMP) study. Contrib. Miner. Petrol. 122, 337–358.
Vavra, G., Schmid, R., Gebauer, D., 1999. Internal morphology, habit and U–Th–Pb
microanalysis of amphibolite-to-granulite facies zircons: geochronology of the
Ivrea Zone (Southern Alps). Contrib. Miner. Petrol. 134, 380–404.
Westraat, J.D., Kisters, A.F.M., Poujol, M., Stevens, G., 2005. Transcurrent shearing,
granite sheeting and the incremental construction of the tabular 3.1 Ga Mpuluzi
Batholith, Barberton granite–greenstone terrane, South Africa. J. Geol. Soc.,
London 162, 373–388. http://dx.doi.org/10.1144/0016-764904-026.
Wilson, A.C., 1979. Sheets 16 and 17, 1:50,000. Geological Series. Swaziland
Geological Survey and Mines Department, Mbabane, Swaziland.
Wilson, A.C., 1982. Geological Map of Swaziland 1:250,000. Swaziland Geological
Survey and Mines Department, Mbabane, Swaziland.
Wilson, A.H., Groenewald, B., Palmer, C., 2013. Volcanic and volcaniclastic rocks of
the Mesoarchaean Pongola supergroup in South Africa and Swaziland:
distribution, physical characteristics, stratigraphy and correlations. S. Afr. J.
Geol. 116, 119–168. http://dx.doi.org/10.2113/gssajg.116.1.119.

66

V. van Schijndel et al. / Precambrian Research 295 (2017) 48–66

Zeh, A., Gerdes, A., 2012. U-Pb and Hf isotope record of detrital zircons from
gold-bearing sediments of the Pietersburg Greenstone Belt (South Africa)—Is
there a common provenance with the Witwatersrand Basin? Precambr. Res.
204, 46–56. http://dx.doi.org/10.1016/j.precamres.2012.02.013.
Zeh, A., Gerdes, A., 2014. HFSE-transport and U-Pb-Hf isotope homogenization
mediated by Ca-bearing aqueous fluids at 2.04 Ga: constraints from zircon,
monazite, and garnet of the Venetia Klippe, Limpopo Belt, South Africa.
Geochim. Cosmochim. Acta 138, 81–100.
Zeh, A., Gerdes, A., Barton Jr., J.M., 2009. Archean accretion and crustal evolution of
the Kalahari Craton – the zircon age and Hf isotope record of granitic rocks from
Barberton/Swaziland to the Francistown Arc. J. Petrol. 50, 933–966.
Zeh, A., Gerdes, A., Barton Jr., J.M., Klemd, R., 2010a. U-Th–Pb and Lu–Hf systematics
of zircon from TTG’s, leucosomes, anorthosites and quartzites of the Limpopo

Belt (South Africa): constraints for the formation, recycling, and metamorphism
of Paleoarchean crust. Precambr. Res. 179, 50–68.
Zeh, A., Gerdes, A., Will, T.M., Frimmel, H., 2010b. Hafnium isotope homogenization
during metamorphic zircon growth in amphibolite-facies rocks, examples
from the Shackleton Range (Antarctica). Geochim. Cosmochim. Acta 74, 4740–
4758.
Zeh, A., Gerdes, A., Millonig, L., 2011. Hafnium isotope record of the Ancient Gneiss
Complex, Swaziland, southern Africa; evidence for Archaean crust-mantle
formation and crust reworking between 3.66 and 2.73 Ga. J. Geol. Soc. London
168, 1–11.
Zeh, A., Gerdes, A., Heubeck, C., 2013. U-Pb and Hf isotope data of detrital zircons
from the Barberton Greenstone Belt: constraints on provenance and Archaean
crustal evolution. J. Geol. Soc. London 170, 212–215.

